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In this work, the inhibitory effect of a commercial anti-scalant (Veolia Hydrexs 9209) on the calcium
minerals of carbonate, sulfate and hydrocalumite (Ca/Al) clay deposition from seawater has been in-
vestigated. Different concentration factors and anti-scalant doses were studied by analyzing the water
hardness and turbidity. The inhibitory effect of the investigated anti-scalant was efﬁcient even at lower
concentrations. The percentage inhibition decreases with increasing the temperature and increases with
increasing the dose/amount of the anti-scalant. The carbonate scale inhibition was 499% and 98–99% at
50 and 70 °C, respectively. The percentage inhibition of sulfate from hemihydrate was ranged from 80% to
87% for 2 and 8 ppm anti-scalant at 50 °C. The inhibition of Ca/Al hydrocalumite deposition increases
from 70% to 90% upon increasing the dose from 3 to 5 ppm, respectively. A recommended useful dose of
antiscalant for seawater is 5 ppm.
& 2015 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Scale formation has negative implications on desalination by
increasing the speciﬁc energy consumption and reduces the pro-
duction. It creates capital, operational and maintenance costs by
over-sizing the heat transfer areas, scale prevention measures, acid
and mechanical cleaning and production losses. The crystallization
of alkaline scale (e.g., CaCO3 and Mg(OH)2) and non-alkaline scale
(e.g., CaSO4) normally faced in seawater media [1]. The formation
of CaCO3 scale strongly depends on operating conditions and
surface properties. CaCO3 scale formation and CO2 release occur
simultaneously from the thermal decomposition of bicarbonate
ions. The problems associated with the use of water or brines can
be attributed to one or more of impurities such as hardness-
causing ions (i.e. Ca2þ and Mg2þ that deposit as scale on heat
transfer surfaces), silica, iron, microbiological species, oils and
dissolved gases.
The scale formation phenomenon has been extensively studied
with plenty of room for improvement [1–4]. Over a period of two
years in service, a heavy scale buildup was observed at the outern open access article under the CC
jfeh).surfaces of heating tube bundles that make up the evaporator shell
of a multi-effects distillation vapor compression (MED-VC) unit.
The unit production rate dropped by 30% below design capacity
due to scale formation. The scale was approximately 14 mm thick
and primarily constituted of a soft CaCO3 deposited layer closer to
the tube metal surface and a hard CaSO4 deposit farther away from
it [5].
The common scale prevention techniques were divided into
three groups: pretreatment feed water, optimization of operating
conditions and system design, and addition of scale inhibitors
(anti-scalant) [6]. The use of anti-scalants is widespread and is an
effective method for controlling scale formation [7]. The advantage
of anti-scalants use over the other techniques is the low-dosage
levels required, in ppm scale, which has insigniﬁcant impact on
the feed water quality. It does not involve bond formation or
breaking between the anti-scalant and the scale forming species.
The anti-scalant inhibits the formation of scale by disrupting one
or more aspects of the crystallization process. Commercial anti-
scalants were classiﬁed into three major groups: phosphates,
phosphonates and polycarboxylates. Sodium hexametaphosphate
(NaPO3)6 (SHMP) was the ﬁrst commercial polyphosphates anti-
scalant used in the membrane industry. The salts and esters of
phosphonic acid, HPO(OH)2 (phosphonates) are highly water so-
luble. Polycarboxylates are characterized by functional –COOHBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Table 1
The chemical analysis of the seawater of the Gulf of
Aqaba.
Species Initial conc. [ppm]
Naþ 13,728
Kþ 367
Mg2þ 1597
Ca2þ 513
F 79
Cl 21,099
Br 219
NO3− 197
PO42− –
SO42− 2670
TDS 40,469
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mers of acrylic acid (AA) and maleic acid (MA) are examples of
anionic and low molecular weight polycarboxylates [6].
Different processes still being suggested preventing the scale
deposition and tons of anti-scalants are produced and dosed in the
largest industries all over the world and for our interest the in-
dustries in the Middle East and North Africa (MENA) region. High
temperature conditions are being considered in developing such
processes and chemicals [8–11]. Glade and her co-workers [12]
studied the effect of process parameters and anti-scalants on scale
deposition in pilot plant MED using synthetic seawater. Inhibition
of thermal decomposition of hydrogencarbonate is a key factor in
preventing carbonate scale deposition [13]. The effect of tem-
perature and concentration on the efﬁciency of different scale
inhibitors on calcium carbonate precipitation from hard water was
studied [14].
Amjad et al. [15] tested a group of polymeric compounds to
inhibit the precipitation of calcium carbonate and calcium sulfate
and as dispersion agents of hematite (Fe2O3) suspensions in
electrolyte solutions. More than 90% inhibition, of the precipita-
tion of calcium carbonate and gypsum from supersaturated solu-
tions, was noticed by the addition of as low as 2 ppm of AA and
MA polymers. Setta and Neville [16] compared the effect of green
inhibitors on the CaCO3 bulk precipitation and deposition on the
surface of austenitic stainless steel (316 L), at 70 °C, under a con-
trolled turbulent ﬂow regime. This study showed that full inhibi-
tion of calcium carbonate required higher concentrations of green
inhibitors than the synthetic inhibitors.
The purpose of this work is to investigate the effectiveness of a
commercial anti-scalant for inhibition of the scale in conditions
similar to those prevailing in MED thermal desalination plants.2. Experiments
The experiments were conducted by heating 200 mL of sea-
water (Gulf of Aqaba) at temperatures prevailing in MED plants
(30–70 °C) and concentration factors (1.0–3.5) or (1.0–2.0) using a
certain concentration of the anti-scalant (0, 3, and 5 ppm). A piece
of steel pipe is used as a coupon to collect the scale on as shown in
Fig. 1 [16]. The inhibitory effect of Hydrexs 9209 was investigated
for the calcium scale deposition of carbonate, sulfate and Ca/AlFig. 1. Experimental overview showing theclay-like minerals from seawater of the Gulf of Aqaba with the
addition of the anti-scalant. Carbonate scale studied from the di-
rect precipitation from the seawater, sulfate scale was studied by
the crystallization of dihydrate from hemihydrate in seawater
medium using 0.5 g of Plaster, and Ca/Al clay-like mineral was
studied by co-precipitation of calcium in the presence of alumi-
num ions in alkaline conditions (pH value 410). The samples are
then ﬁltered and kept in polyethylene bottles for chemical analy-
sis. The water samples were analyzed using standard chemical
analysis methods; Ca2þ and Mg2þ ions were analyzed by EDTA
titration, Naþ and Kþ ions were analyzed by ﬂame photometry,
and Cl ion were analyzed by AgNO3 titration. All experiments
were performed in duplicate at least and mean values were pre-
sented with a maximum deviation of 3%.
The chemical analysis of the seawater (Table 1) is similar to that
used in a previously published work [17]. It contains about 500,
1600, and 14,000 ppm of Ca2þ , Mg2þ and Naþ ions, respectively.
Over 70 elements are present in natural seawater. However, only
six ions make up over 99% by weight of all the dissolved solids in
seawater. Sodium and chloride, each of which are in the form of
monovalent ions, not only account for its salty taste, but also make
up slightly more than 85%, dry weight, of all the dissolved solids in
the Arabian Gulf seawater. Sodium accounts for about 30% and
chloride accounts for slightly more than 55% by weight of all
dissolved solids in seawater. The other four ions include calcium,setup and the associated analyses [16].
9.0
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Fig. 2. The inﬂuence of anti-scalants on reducing the pH of the seawater of the Gulf
of Aqaba by CO2 injection.
Fig. 3. A schematic representation of the carbonate system when liquid ﬁlm eva-
porates on a horizontal tube.
Table 2
The rating system of scale formation and inhibition in thermal desalination plants.
Scale type Rating of
scale
Rating of inhibition
(Carboxylate)
Rating of inhibition
(Dispersant)
CaCO3 3 2 1
CaSO4 1 3 1
Mg(OH)2 0 1 1
Silt 1 0 33. Results and discussion
3.1. Scale inhibition mechanisms
The following reactions for the CaCO3–CO2–H2O system, in
seawater, predominate at pH values higher than 8.8 [10]:
CO OH HCO , 12 3+ ↔ ( )− −
HCO OH CO H O, 23 32 2+ ↔ + ( )− − −
CO H O 2OH CO . 332 2 2+ ↔ + ( )− −
The solubility of calcium carbonate, CaCO3, decreases with the
temperature increase, pressure reduction and the release of CO2.
The temperature sensitivity of the various constants of the
CaCO3–CO2–H2O system results in the following net reaction being
driven to the right:
2HCO CO CO H O. 43 2 32 2↔ + + ( )− −
In the presence of Ca2þ , and Mg2þ ions, calcium carbonate and
magnesium hydroxide precipitate:
Ca CO CaCO s , 52 32 3+ ↔ ( ) ( )+ −
Mg 2OH Mg OH s . 62 2+ ↔ ( ) ( ) ( )+ −
Sulfate scale may also form at higher temperatures once its
saturation level reached:
Ca SO CaSO s . 72 42 4+ → ( ) ( )+ −
Scale formation is a complex phenomenon involving both
crystallization (surface and bulk) and transport mechanisms. Anti-
scalants do not eliminate the scaling constituents or its tendency
to form; instead they delay the onset crystallization (nucleation
phase of crystallization) or retard the growth of mineral salt
crystals (growth phase of crystallization) [6]. Due to adsorption
effects, the inhibitor molecules occupy the nucleation sites which
are preferred by the scale-forming molecules. Thus, crystals can-
not ﬁnd active places to adhere to the surface and, therefore,
crystal nucleation is not promoted. In the second mechanism, the
inhibitor mechanism is based on the mechanism of adsorption, i.e.,
morphologic changes can prevent the formation of crystals in the
presence of the inhibitor. Depending on the inhibitor character-
istics and the nature of the substrate, it is possible that the in-
hibitor will be adsorbed over the crystalline net, forming complex
surfaces or nets which have difﬁculty remaining and growing in
active places [18].
In addition to the mentioned mechanisms, anti-scalants have a
positive inﬂuence on increasing the solubility of carbon dioxide
(CO2), and hence, ﬁxing the gas in seawater [19]. Fig. 2 shows the
inﬂuence of 8 ppm anti-scalant on the solubility of CO2 in the
seawater of the Gulf of Aqaba which is expressed by shifting the
pH to lower (acidic) values. The variations in pH and partial
pressure of CO2 inﬂuence the solubility of calcium carbonate. It
increases with decreasing pH and increasing partial pressure of
CO2, and it decreases with temperature. Fig. 3 shows the physical
and chemical equilibrium in the carbonate system [20]. The in-
jection of the CO2 has been suggested to be used for scale pre-
vention by reducing the pH of the seawater [21]. Injection of CO2
in the feed seawater of a reference MED plant leads to a decrease
in the saturation ratios. The pH of seawater decreases with adding
CO2 which causes Langelier Saturation Index (LSI) to decrease andRyznar Stability Index (RSI) to increase i.e. scale formation ten-
dency decreases.
One interesting way to describe which scales are expected to
form, for a given environment, is the experts' rating [22]. For ex-
ample, for an MED unit operating below 70 °C and CFo2, the
primary scale that would be expected is calcium carbonate and the
secondary scale would be calcium sulfate, both scales have been
investigated in this study and the results will be shown in the
following sections. If one were to use a rating system for scale
potential and inhibition performance of the carboxylate type ad-
ditives, such equipment may be described in Table 2. Higher rating
corresponds to a higher potential to scale, while 0 indicates very
low or virtually no potential to scale. In another rating study [23],
the factors that are inﬂuencing the performance of MED plants are,
top brine temperature (TBT), concentration factor (CF), seawater
temperature (TSW), seawater pH value (pHSW), seawater salinity
(SSW), scale deposition and CO2 release. This study focused on TBT,
CF and CO2 ﬁxation in the solution.
Fig. 4. The amount of calcium precipitated from the seawater of the Gulf of Aqaba at different temperatures with and without dosing anti-scalant.
Fig. 5. The scale deposition on the steel pipe surfaces at different CF (A: 1.5, B: 2.0) and (C) at CF¼1.5 in the presence of 3 ppm anti-scalant, (D) inﬂuence of decreasing
wetting rate (dry spots).
A.E. Al-Rawajfeh et al. / Water Resources and Industry 11 (2015) 58–63 613.2. Inhibition of calcium carbonate and sulfate scale deposition
from seawater
Fig. 4 shows the amount of calcium precipitated from the
seawater of the Gulf of Aqaba at 50 and 70 °C, respectively. Sig-
niﬁcant amount of scale is deposited from the seawater in the
absence of a scale inhibitor. The inhibitory effect of the in-
vestigated anti-scalant was efﬁcient at 3 and 5 ppm at a pH around
8.1. The ﬁgure shows that the percentage inhibition at 50 and
70 °C, using 5 ppm concentration, respectively. The percentage
inhibition was 499% and 98–99% at 50 and 70 °C, respectively.
The efﬁciency of the anti-scalant was calculated according to the
following equation:
Percentage inhibition %
Ca Ca
Ca Ca
100
8
with inhibitor without inhibitor
initial conc. without inhibitor
( )
= −
−
×
( )
In a reference MED plant [24], the speciﬁc CaCO3 deposition
was 127.3 g/ton feed water and the amount of CO2 desorbed was
36.4 g/ton feed water in the ﬁrst stage at TBT¼64 °C and CF¼1.4.
CaCO3 deposition rates decrease from the ﬁrst stage to the last
stage. CaCO3 deposition rates increase with increasing the top
brine temperature, salinity and concentration factor. The wetting
rate decreases with increasing the evaporation. Thermo-
dynamically, scale becomes feasible when the activity of ions insolution is above their saturation limit (i.e. supersaturated solu-
tion). Additionally, kinetics of precipitation should also be taken
into consideration because it has a key role in the severity of
scaling. At critical supersaturation, nucleation induces the growth
of crystals while low concentration of nucleation sites slows the
crystallization kinetics [6]. Supersaturation conditions are reached
by distillation of a given amount of water which increases the
ionic feed concentration and hence lowering the solubility of in-
versely soluble salts. This is achieved by increasing the tempera-
ture from ambient to high temperature prevailing in the thermal
plants and shifting the reactions of the Ca–CO2–H2O system to
releasing more CO2 and producing CO3
2− reaching the super-
saturation of CaCO3 scale [26].
Fig. 5 shows the scale deposited on the steel pipe surfaces from
the scaling experiments at concentration factors (CF) of 1.5 and 2.0
(Fig. 5A and B), CF¼1.5 using 3 ppm anti-scalant (Fig. 5C), and dry
spots, respectively (Fig. 5D). The scale deposition in Fig. 5 increases
with increasing the CF value and the anti-scalant completely
prevented the scale from precipitation on the surface of the pipe
as it can be noticed from Fig. 4, too. According to Glade et al. [25],
the scale formation signiﬁcantly increases with decreasing the
wetting rate. This might be attributed to the variation of the water
ﬁlm thickness which signiﬁcantly decreases with decreasing
wetting rate. Supersaturated sites are assumed to form by ﬂuid
elements having either the smallest thickness or residing for a
longer period of time in the ﬁlm.
Fig. 6. The sulfate scale deposition from hemihydrate in the seawater of the Gulf of
Aqaba.
A.E. Al-Rawajfeh et al. / Water Resources and Industry 11 (2015) 58–6362To investigate the inhibitory effect of Hydrex 9092 on sulfate
scale deposition, crystallization of dihydrate from hemihydrate in
seawater solution was studied. Fig. 6 shows the inﬂuence of 2,
5 and 8 ppm of anti-scalant on dihydrate scale deposition. Per-
centage inhibition decreases with increasing the temperature and
increases with increasing the dose of the anti-scalant. The per-
centage inhibition was from 80% to 87% for 2 and 8 ppm anti-
scalant at 50 °C.
3.3. Inhibition of CA/Al hydrocalumite clay deposition
Fig. 7 shows the calcium clay (Ca/Al hydrocalumite layered
double hydroxide LDH, Ca2Al(OH)6Cl(H2O)2 mH2O) deposition
from the seawater of the Gulf of Aqaba under high pH value (9–11)
in the presence of aluminum ions. These conditions were selected
to check the performance of the anti-scalant under severe alkaline
conditions and different concentration factors. The inhibitory ef-
fect of the anti-scalant increases from 70% to 90% with increasing
the dose from 3 to 5 ppm, respectively.Fig. 7. The Ca/Al clay deposition from the seawater of the Gulf of AqIn the hydrocalumite LDH, a net positive charge on the sheets
originates from the partial replacement of Ca2þ with Al3þ ions,
forming [Ca2Al(OH)6þ] layers [27]. The distorted “brucite-like”
layers were separated by interlayers of water molecules and An
anion (e.g. Cl , CO3
2−,…). Since LDHs were composed by positively
charged metal hydroxide sheets compensated by anions in the
interlayers, they had a remarkable property that a variety of an-
ionic species, especially organic anions, being inserted as guests
into the interlayer region [28], which may explain the reduction in
the inhibitory effect of the anti-scalant once amount of it is in-
tercalated in the formed LDH. The formation of the LDH has an
opposing effect to the intercalation of the anti-scalant, it has a
positive effect on the percentage inhibition because of its ad-
sorption afﬁnity for CO2 [29], which helps in ﬁxing the gas in the
solution, and hence, reducing the scale deposition [21].4. Conclusions
In this work, the inhibition of the deposition of carbonate,
sulfate, and Ca/Al hydrocalumite clay of calcium has been studied
for a commercial anti-scalant at different concentration factors
and different doses. As expected, signiﬁcant amounts of scale is
deposited from the seawater containing high concentrations of
calcium ions. The percentage inhibition of the investigated anti-
scalant if found to decrease with increasing the temperature and
increase with increasing the dose. The percentage inhibition from
seawater was almost 100%, 90% and 90% for the carbonate, sulfate
from hemihydrate, and Ca/Al hydrocalumite layered double hy-
droxide (LDH) scales, respectively. A recommended useful dose of
antiscalant for seawater is 5 ppm.Acknowledgments
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